Zeolite Na-X and Na-A were synthesized by mechanochemical activation of pyrophyllite and pyrophyllite-gibbsite mixture followed by hydrothermal reaction in NaOH solution at 75°C under atmospheric pressure. The formation of zeolite Na-X and Na-A was depended on the degree of activation caused by grinding; i.e., grinding accelerated the dissolution of loosely bonded Si substances rather than Al ones of the ground pyrophyllite particles leading the Si/Al molar ratio close to 1.2, which is favorable for the formation of zeolite Na-X. The mixed grinding of pyrophyllite and gibbsite enabled us to synthesize zeolite Na-A monophase. In the early stage of grinding within 60 min, the hydroxysodalite (HS) phase was detected, however, HS disappeared completely when the grinding time extended to 120 min. The highest crystallinity (I/I 0 ) of zeolite Na-A synthesized was estimated to 0.93 at the mixture with Si/Al molar ratio of 1.2.
Introduction
Zeolites are well known for their ability towards ion exchange and reversible dehydration due to their framework structures that enclose interconnected cavities occupied by large metal cations and water molecules. They are used in many cases such as FCC (Fluidized Catalytic Cracking) of petroleum refining, drying agent of gases and liquids, and selective molecular adsorbent for pollution controls. 1) In such a commercial usage, the artificially synthesized zeolites are normally employed. One of the most popular methods for the synthesis of zeolites is a process using a hydrothermal reaction of an inhomogeneous mixture with an aqueous solution of high pH. The pressure and temperature conditions have been varied as well as treatment periods. Since the final products inherit structural units from the reactants, the reactants and physical conditions can be varied to produce various types of zeolites. Natural clay minerals are suitable starting materials for the synthesis of zeolites. As early as 1960, raw kaolinite, a clay mineral with an oxide formula of Al 2 O 3 2SiO 2 ·2H 2 O, has been investigated firstly as a possible starting material for hydrothermal synthesis of zeolites by Barrer et al. 24) It proved to be convenient and versatile in this role, being readily transformed into a range of known and new zeolites with a Si/Al ratio around 1.0. Currently, metakaolinite, an activated phase of kaolinite by calcination at around 650°C, has been widely used as a convenient starting material for the synthesis of zeolite with low silica content such as Na-A, Na-X and Na-Y.
57)
Mechanical treatment by dry or wet grinding of natural minerals is of great interest in the preparation and processing of ceramic raw materials because fine mineral particles are obtained. Moreover, intensive dry grinding promotes the disintegration of mineral particles and the consequent formation of new active surfaces results in the changes in their physico-chemical properties that decrease crystallinity through amorphization and increase surface reactivity. 8, 9) Thus the reactivity of mineral particles is enhanced and the synthesis reactions can be achieved at lower temperatures. These mechanochemical effects are observed mainly when the material ground using equipments such as vibratory, oscillating or planetary ball mill introducing strong friction and impaction forces on particles.
In this work, zeolite Na-X (Na O) mixture followed by hydrothermal reaction in NaOH solution at 75°C under atmospheric pressure. Although mechanochemical effects involving mechanical activation and/or room temperature solid-state reaction between the particles have been widely reported, very little information is available on the application of dry grinding operation for the preparation of zeolite materials using pyrophyllite. The process variables that influence the efficiency and effectiveness of zeolite formation such as grinding time, reaction time and amount of gibbsite addition have been explored in this work.
Experimental
The starting materials used in this work were wellcrystalline pyrophyllite and gibbsite powders. The pyrophyllite sample obtained from Nowha mine of Korea in lumpy form was first crushed in a stainless steel stamp mill and then sieved it to pass a 200 mesh (75 µm) screen. The main impurity mineral of the pyrophyllite sample was revealed as quartz by preliminary XRD analysis. The gibbsite, produced from KC Co. Ltd., Korea, of which 95 mass% was less than 50 µm, and reagent grade sodium hydroxide (NaOH) supplied from Junsei Chemical Co. Ltd., Japan were used. The chemical compositions of pyrophyllite and gibbsite sample are shown in Table 1 .
A planetary ball mill, Fritsch Palverisette-5, Germany, was used to grind the samples at approximately 300 rpm under atmospheric condition. Twenty grams of the pyrophyllite sample was put in an alumina pot of 300 cm 3 inner volume with fifteen alumina balls of 20 mm diameter and ground for different periods of times. The duration of grinding was varied from 15 to 120 min. The grinding was stopped for 5 min after every 15-min grinding to avoid excess temperature increase inside the mill pots during prolonged grinding. Five grams of the ground samples were then suspended in 200 ml of NaOH solution at 75°C for various periods of reaction times in a water bath with a magnetic stirrer. After reaction, the solid phase was separated by centrifugation and washed three times with deionized water. Then the sample was rinsed once with pure ethanol and dried completely in a dry oven at 80°C. The evolution of crystalline phases of powders during grinding and hydrothermal reaction was investigated by Xray diffraction analysis (RINT-2000, Rigaku). The thermal analysis of reaction products was conducted using a TG-DTA analyzer (DTG-60H, Shimazu). The morphology of the products obtained was observed by scanning electron microscope (SEM, SEM-4100, Jeol) and the infrared absorption of the products was analyzed by Fouier-transform infrared spectrometer (FT-IR, Nicolet 380, Thermo-Electron Co.). The cation exchange capacity (CEC) of the products was measured by Schollenberger's method using ammonium acetate.
10)

Results and Discussion
Synthesis of zeolite Na-X
From the XRD profile and relative intensity of d (001) of the ground pyrophyllite samples as shown in Fig. 1 , it can be seen that the crystal structure of pyrophyllite was gradually disordered as grinding progressed. Although weak peaks of pyrophyllite were remained in the XRD profile in the sample ground for 60 min, the amorphous phase of pyrophyllite could be obtained by prolonged dry grinding. Figure 2 shows the XRD patterns of the products obtained from the reaction of ground samples and NaOH solution (1.2 M) at 75°C for 24 h. The XRD pattern of the product from the unground (raw) sample was virtually identical to that of starting pyrophyllite. In the pattern of the product from the sample ground for 15 min, zeolite Na-X (JCPDS, 38-0237) and Na-A (JCPDS, 39-0222) started to crystallize and the peak intensities increased as grinding time increased. In the XRD profile of the product for 60 min, it was noticeable that the peak intensity of zeolite Na-A decreased comparative to that from the sample ground for 30 min, while the peaks of zeolite Na-X increased markedly. This finding implied that pyrophyllite suffered the rupture of its chemical bonding by grinding, resulting in the activated state, which could easily react with NaOH to form zeolite Na-X and Na-A. 11) Furthermore, it could be considered that the formation of zeolite Na-X and Na-A was strongly influenced by the degree of activation caused by grinding. The XRD results showed that zeolite Na-A with the Si/Al molar ratio of 1.0 was formed in the samples with lower degree of activation within 30 min of grinding. On the other hand, as the degree of activation was improved by further grinding the formation of zeolite Na-X, which the Si/Al molar ratio is 1.2 was promoted. Effect of Dry Grinding of Pyrophyllite on the Hydrothermal Synthesis of Zeolite Na-X and Na-ANakano et al. reported that the energy intensive grinding of kaolinite could alter its bonding structure and solubility in alkaline solutions. 12) This implied that the grinding of pyrophyllite and subsequent dissolution in alkaline solution could be another possible way to change the chemical composition of own pyrophyllite according to the degree of activation. In the pattern of the reaction product obtained from 120 min ground sample, zeolite Na-X monophase was formed suggesting that grinding accelerated the dissolution of loosely bonded Si substances rather than Al ones on the surface of the ground pyrophyllite particles leading the Si/Al molar ratio close to 1.2 in the sample, which is favorable for the formation of zeolite Na-X.
As the grinding progressed, the FT-IR spectra represented the crystallization of zeolite Na-X phase. The values of the absorption bands for zeolite Na-X referred to the products as shown in Figs. 3(d) and 3(e) . In the region between 1200 and 950 cm ¹1 , attributed to the inner bonds of tetrahedral asymmetric stretching zone and the asymmetric stretching of external bonds between tetrahedral zone, the main band was placed at 968 cm ¹1 and overlapped another peak at 1068 cm ¹1 . 13) Moreover, the typical bands of the products attributed to T-O band (449 cm ¹1 ), double six-member rings (D6R) (551 cm
¹1
) and symmetric stretching (669 cm ¹1 ) were identified (where T = Si or Al). 14) Figure 4 shows the variation of the Si/Al molar ratio and CEC of the reaction products. It was noted that the Si/Al molar ratio decreased gradually from 1.79 to 1.19 as grinding progressed suggesting that the grinding modified the chemical composition of the solid phase by dissolution of activated Si substances during reaction with NaOH solution. The CEC value increased rapidly up to 350 meq/100 g. From the result presented, it could be possible to say that the CEC value of the product would be a good indicator of the synthesis reaction for zeolite Na-X, i.e., as the synthesis reaction for zeolite Na-X proceeded, the CEC value of the product became high, resulting in higher yield of zeolite Na-X. Figure 5 shows the TG-DTA of the reaction products, which are the same as those shown in Fig. 2 . In the DTA curves, the product from the unground sample was virtually identical to the starting pyrophyllite ( Fig. 5(a) ). In the curve of the product from the sample ground for 30 min (Fig. 5(b) ), two endothermic peaks were observed; The peak at 177°C contributed to the dehydration of the zeolite Na-X and Na-A formed and the other broad endothermic reaction centered at 540°C was due to the decomposition of pyrophyllite into pyrophyllite dehydroxylate.
15) The first peak developed markedly and the second one decreased in its intensity with shifting toward the lower temperature side as grinding progressed. Eventually, the latter peak was weakly detected in the curve of the product from the sample ground for 120 min (Fig. 5(c) ). In addition, the exothermic peaks at 828 and 851°C were due to the collapse of zeolite framework and crystal transformation of zeolite, respectively. 16) In the TG curve s corresponding to the DTA ones, the total weight loss mainly caused by the dehydration of zeolite materials increased, and it reached about 25.8 mass% in the product from the sample ground for 120 min. Taking into account the theoretical amount of water content of zeolite Na-X (32.8 mass%), the degree of conversion of zeolite Na-X from 120-min grinding sample was estimated to 78.7%.
The SEM images (Fig. 6 ) revealed that the morphology of the product obtained from the unground sample was virtually the same as that of starting pyrophyllite (Fig. 5(a) ), which was mainly composed of platy fine particles size ranged from 1 to 10 µm. Shorter grinding time resulted in the poor crystallinity of zeolite product. The sample synthesized after 30-min grinding showed the aggregates of parallel plates. They were remnants of ground pyrophyllite, which probably did not react with NaOH and they coexisted with developed zeolite crystals (Fig. 6(b) ). On the other hand, the zeolite Na-X synthesized in the products from the sample ground for 60 min or more showed the octahedral habit and with uniform crystal size (Figs. 6(c) and 6(d)). The XRD patterns and conversion of zeolite Na-X obtained from the 120-min grinding samples according to the reaction time was given in Fig. 7 . The diffraction maxima were typical type of FAUtype Na-X without additional phases. The degree of conversion of zeolite Na-X of the product obtained for 40 h was estimated to 92.8%.
Effect of mixed grinding of pyrophyllite and gibbsite
Since the Si/Al molar ratio of the stating pyrophyllite used in this work is around 1.87, thus the synthesis of zeolite Na-A requires the decrease of Si/Al ratio to around 1.0. As describe above, like a kaolinite, pyrophyllite could be also the adequate natural clay to synthesize zeolite Na-A with low silica content. However, it has not alumina content high enough and the addition of alumina from another source is necessary. This alumina addition allows the formation of pure zeolite Na-A. In this work, gibbsite has been used as an additional alumina source. Figure 8 shows the XRD patterns of the reaction products from the pyrophyllite-gibbsite mixtures ground for various times. In all the mixtures, the gibbsite addition was adjusted to Si/Al molar ratio at 1.0 before grinding and the synthesis reaction was carried out in the same condition described above. Only peaks of pyrophyllite were detected in the XRD pattern obtained from the unground (mixed completely without grinding) sample, implying that merely the dissolution of gibbsite took place during the reaction. After grinding for 15 min, the new peaks, which are corresponding to zeolite Na-A and hydroxysodalite (HS, Na 4 Al 3 Si 3 O 12 (OH), JCPDS, 11-0401) started to form and the peaks intensity increased as grinding time increased. It was interesting to note that the peaks of HS decreased and disappeared completely in the product obtained at the extended grinding time for 120 min. We could not give further definite explanation in this regard from the present results alone, however, such behavior appeared to be dependent on the various factors such as the degree of activation and the subsequent dissolution behavior of Si and Al substances in this reaction environment.
17) Figure 9 shows the XRD patterns of the products obtained from the 120-min grinding mixtures with different Si/Al molar ratio. It can be seen that the peaks of zeolite Na-X and Na-A were detected in the mixture with Si/Al molar ratio of 1.7, on the other hand, the monophase zeolite Na-A was synthesized when the mixing ratio decreased below 1.2. Figure 10 shows the relative crystallinity (I/I 0 ) of zeolite Na-A obtained from the mixtures with different Si/Al molar ratio. The relative crystallinity were determined by taking into account the intensity of commercial synthetic zeolite Na-A (Colite-P, Cosmo Fine Chem., Korea), which was assumed to have 100% crystallinity. The relative crystallinity of the product was calculated by eq. (1). Crystallinity ðI=I 0 Þ ¼ X intensity of XRD peak of product X intensity of XRD peak of standard zeolite NaA ð1Þ It can be seen that much higher crystallization rate of zeolite Na-A was achieved in the Si/Al molar ratio of 1.2 rather than that of 1.0. The results could be also explained by the dissolution of Si substances of the ground particles, i.e., the solid was dissolved prior to the crystallization of the zeolite. Moreover, the dissolution of main substances, Si and Al, is incongruent. The Al dissolution is accomplished through a uniform dissolution rate, whereas the Si dissolution rate depends on many aspects such as activation methodology, treating temperature and solution concentration. 18) 
Conclusion
The amorphous phase of pyrophyllite could be obtained by dry grinding using planetary ball mill. The crystal structure of pyrophyllite was gradually disordered as grinding progressed. The zeolite Na-X and Na-A were crystallized from the ground samples and the formation increased as grinding time increased. Finally, zeolite Na-X monophase could be attained from the sample ground for 120 min. The formation of zeolite Na-X and Na-A was strongly depended on the degree of activation caused by grinding; i.e., grinding accelerated the dissolution of loosely bonded Si substances rather than Al ones of the ground pyrophyllite particles leading the Si/Al molar ratio close to 1.2, which was favorable for the formation of zeolite Na-X.
The mixed grinding of pyrophyllite and gibbsite enabled us to synthesize the zeolite Na-A monophase. In the early stage of mixed grinding within 60 min, the hydroxysodalite (HS) phase was formed as well as zeolite Na-A. However, HS phase disappeared completely when the grinding time extended to 120 min. The highest crystallinity (I/I 0 ) of zeolite Na-A synthesized was estimated to 0.93 at the mixture with Si/Al molar ratio of 1.2.
